Background: Alzheimer disease (AD) is a genetically complex disorder. Mutations in 3 genes, presenilin 1, amyloid precursor protein, and presenilin 2, lead to early-onset familial AD in rare families with onset of disease occurring prior to age 65. Specific polymorphisms in apolipoprotein E are associated with the more common, late-onset AD occurring after age 65. In this review, we discuss current advances in AD genetics, the implications of the known AD genes, presenilin 1, presenilin 2, amyloid precursor protein, and apolipoprotein E, and other possible genes on the clinical diagnosis, treatment, and genetic counseling of patients and families with early-and late-onset AD. Review Summary: In addition to the mutations in 4 known genes associated with AD, mutations in other genes may be implicated in the pathogenesis of the disease. Most recently, 2 different research groups have reported genetic association between 2 genes, sortilin-related receptor and GAB2, and AD. These associations have not changed the diagnostic and medical management of AD. Conclusions: New research in the genetics of AD have implicated novel genes as having a role in the disease, but these findings have not been replicated nor have specific disease causing mutations been identified. To date, clinical genetic testing is limited to familial early-onset disease for symptomatic individuals and asymptomatic relatives and, although not recommended, amyloid precursor protein apolipoprotein E testing as an adjunct to diagnosis of symptomatic individuals.
A lzheimer disease (AD) is the most common form of age-related dementia with more than 5 million Americans currently affected. 1 Although the majority of cases occur in individuals age 65 or older, the 2007 AD Facts and Figures published by the Alzheimer's Association estimates 500,000 people have early-onset AD (EOAD) or another dementia with symptoms appearing before the age of 65 years. One out of 8 people age 65 and older and nearly 1 out of every 2 over age 85 have AD. AD is the seventh leading cause of death in the United States.
A major focus of AD research has been to understand the genetic etiology of AD and its relationship to AD neuropathology. The key neuropathological features of AD are abundant neurofibrillary tangles composed of tau protein and senile plaques made of ␤-amyloid (A␤). Over 2 decades of genetic research has resulted in a better understanding of the pathway leading to the accumulation of insoluble protein, A␤ 42 . The accumulation of A␤ 42 is considered a central component in the pathogenesis of AD and has been associated with the 3 autosomal dominant, deterministic genes known to be involved in EOAD, presenilin 1 (PSEN1), presenilin 2 (PSEN2), and amyloid precursor protein (APP). [2] [3] [4] [5] [6] [7] [8] A fourth gene, apolipoprotein E (APOE), has been confirmed as a susceptibility factor/risk factor for late onset AD (LOAD). 9 The APOE gene has 3 common variants, ⑀2, ⑀3, and ⑀4. The ⑀2 allele is associated with the lowest LOAD risk, whereas the ⑀4 allele is associated with an increased risk for LOAD and a younger age of onset of dementia in a dose-dependent manner. 10, 11 The increased risk for LOAD has also been demonstrated in different ethnic populations including African-Americans and Caribbean Hispanics. 12, 13 Since the discovery of APOE in 1993, there have been hundreds of other possible AD genes described in the literature. 14 Due to sampling and diagnostic issues, population stratification (the differences in case and control allele frequencies due to differences in ethnicity), and sample size, identifying other genes involved in this complex disease is challenging. 15 Despite these challenges, twin studies, which demonstrate a 60% concordance rate in monozygotic twins, and other investigations indicate that there may be several susceptibility genes along with APOE⑀4 that play a role in late-onset AD. 16, 17 As our understanding of the genes involved in the disease evolves, so may the ability to identify at-risk individuals who would be eligible for early treatment and prevention. In this article we will review the genetics of AD including several genes for which clinical genetic testing is currently unavailable for the diagnosis and prediction of the disease. However, with new advances in the genetics of AD, neurologists should be able to determine whether genetic testing for an AD patient is appropriate, understand recent genetic advances in AD and the current limitations of these findings in clinical practice, and recognize the importance of genetic counseling using the information we do know.
GENES OTHER THAN APP, PSEN1, PSEN2, AND APOE?
New technologies using extensive coverage of genetic markers through genome-wide association studies, advanced statistical methods and collaborative projects to increase the number of cases available for study may help overcome some of the obstacles to finding other genes associated with the disease. In addition, several resources have been established to assist in the discovery of AD related genes. The National Cell Repository for Alzheimer disease stores and maintains clinical data and biologic samples and makes them available to genetic researchers. (www.ncrad.org) The National Institute on Aging (NIA) has organized a multicenter study collecting large families with multiple members affected with lateonset AD through the NIA-Late-Onset Alzheimer disease Genetics Initiative. (www.niageneticsinitiative.org). Clinical data and biologic samples are made available to researchers to include in their genetic analyses. In addition, the NIA has established several mechanisms to store genetic data generated through NIH funded studies. These data can be reanalyzed and combined with other datasets.
Another resource, the AlzGene database, an online database (www.alzgene.org) that compiles up-to-date information on genetic association studies performed on AD and AD phenotypes, has organized and reviewed over 900 AD association studies and approximately 400 genes. 14 The AlzGene database organizes and ranks these findings in an attempt to sift through the hundreds of positive and negative association studies with possible AD susceptibility genes. Using the AlzGene database as a guide, we will discuss several examples of other genes reported to be associated with AD including the most recent associations of sortilin-related receptor (SORL1) and GAB2 (both on chromosome 11) and other possible genes/loci on chromosomes 9 and 10.
CHROMOSOME 9
Nineteen candidate genes on chromosome 9 have been reported as associated with LOAD, including DAPK1 (death-associated protein kinase 1) 18 and ubiquilin 1 (UBQLN1). 19 AlzGene currently ranks DAPK1 as a top candidate gene for LOAD. DAPK1 is an enzyme involved in apoptosis, including neuronal apoptosis. Animal studies demonstrate the expression of the enzyme in the hippocampus and cortex. 20 UBQLN1 has been shown to be involved in protein degradation and may interact with PSEN1 and PSEN2, 21 however, 2 independent investigators were not able to confirm the association between the risk of AD and UBQLN1, but did see a significant genetic association between single-nucleotide polymorphisms or SNPs in the UBQLN1 gene and the age at onset of AD. 22
CHROMOSOME 10
A broad region of chromosome 10 has demonstrated associations with dozens of potential candidate genes for AD. The IDE gene, which produces the insulin-degrading enzyme, is a possible candidate enzyme responsible for the degradation and clearance of A␤. A recent longitudinal study of a multiethnic community of elders has further indicated that hyperinsulinemia may increase the risk of AD. 23 Genetic studies have also shown that IDE gene variants are associated with the clinical symptoms of AD as well as the risk of type 2 diabetes. IDE is located on chromosome 10q24, close to a region for which previous linkage and association with late-onset AD has been reported. 24 Additional case-control studies have reported both positive and negative results. Recently, a study demonstrated an association between IDE and late-onset AD in a Finnish population. 25 Mitochondrial dysfunction has been implicated in AD, and the mitochondrial transcription factor A (TFAM) gene, on chromosome 10q21, is located in a region that showed linkage to late-onset AD in several study. 26 This gene along with CH25H and SORCS1 are also considered as top candidate AD genes by Alzgene standards.
CHROMOSOME 11
Another genome scan published by Reiman et al 27 used clinically and neuropathologically characterized cases and controls and discovered associations between a GAB2 and LOAD in APOE ⑀4 carriers only. Studies including immunohistochemistry and microarray indicated GAB2 is biologically relevant to AD neuropathology. GAB2 was overexpressed in pathologically vulnerable neurons; the Gab2 protein was detected in neurons, tangle-bearing neurons, and dystrophic neurites; and interference with GAB2 gene expression increased tau phosphorylation. The findings suggest that GAB2 modifies LOAD risk in APOE ⑀4 carriers and may influence Alzheimer neuropathology. 27 Most recently, the neuronal (SORL1) on chromosome 11 was reported associated with AD. 28 This study used an independent series of family studies and case-control studies (6 independent data sets) in several ethnic groups (Hispanic, European, Israeli Arab, White, and African-American) to demonstrate the association of SORL1 and AD. In addition, functional data showed reduced expression of SORL1 in cases with the SORL1 risk haplotype (a set of alleles on a chromosome that are so close together that they are inherited together). However, a specific mutation or variant has not been identified in SORL1. In order for SORL1 to be useful for clinical diagnostic testing, the specific variant associated with the disease needs to be identified. However, there may be different SORL1 variants in different populations. In addition, similar to APOE, the variants in SORL1 may not be sufficient to predict disease but still may play a role in APP processing and thereby affect the risk for AD. Therefore, SORL1 may be a susceptibility factor rather than a deterministic gene. 28 Several groups have attempted to replicate these findings. One reports a "partial replication" using 2000 samples. 29 A second study reports a replication of the original finding using an independent dataset including of 1408 individuals from the TGEN database (http://www.tgen.org/neurogenomics/data Translational Genomics Research Institute; TGEN) which included 1044 autopsied individuals (641 cases, 403 controls) and 364 clinically examined individuals from the Mayo Clinic (218 cases and 146 controls). 30 However, another study, using this same dataset, was not able to replicate the association. 31 The original SORL1 publication was a well-designed study with a large sample size, multiple populations and functional studies. The difficulty consistently replicating the original study emphasizes the challenges of studying these complex, common genetic diseases.
The search for genes causing late-onset AD through linkage and association studies has suggested associations of broad regions of chromosomes 9, 10, 11, and other chromosomes. In addition, case-control studies in sporadic AD have also implicated a large number of individual genes on other chromosomes, whose function can also be potentially linked to the known pathophysiology of AD. Although there are several interesting candidate genes, the evidence that any of these candidate genes are truly the site of genetic variants that modulate risk for AD is uncertain. Without sufficient confirmation in independent samples and a known variant or mutation (similar to APOE), clinical genetic testing is not available. Additionally, genes such as GAB2 and SORL1 with small individual effect size are likely to have limited predictive utility; however, perhaps when grouped together, such as in a panel in combination with APOE, they eventually may become a useful predictor of LOAD risk. Furthermore, they provide insight into the molecular mechanism of LOAD. Genetic Aspects of Alzheimer Disease
GENETIC COUNSELING IN THE ABSENCE OF A GENETIC TEST
Genetic testing is not recommended for every person with a family history or diagnosis of AD. In fact, association with a gene (or SNPs or a haplotype within a gene) and disease does not imply causation or confirm that the gene is a definite risk factor involved in the disease. Recent publications have thoroughly explained the steps of mapping genes in common, complex disorders or specifically in AD. 19, 32 In order for an association to be confirmed, the positive association must be replicated by independent studies and in different populations. Then the specific variant or mutation within the gene needs to be identified. Depending on the gene, there may be several variants found in different populations. Functional studies of the gene and gene product need to confirm that the variant/mutation affects the function of the gene such as the extensive functional studies in SORL1 and GAB2. However, it is possible to demonstrate a new disease gene based on the genetic evidence alone. For example, the risk effect APOE-⑀4 in late-onset AD has been consistently replicated in a many studies and ethnic groups. 24 Finally, the effect on risk and/or penetrance (chance that a gene carrier will develop the disease) needs to be assessed. (www. cdc.gov/genomics/gtesting/ACCE.htm).
With every new genetic discovery in AD, patients and their family members may ask questions about whether genetic testing for "the new AD gene" is available. While a test may not yet be available, genetic counseling is valuable to every person who has concerns about the genetic risk and the role of genetics in the disease. Family history of the disease remains the most important risk factor (other than age) for this disease. Individuals with a first-degree relative with AD have a risk about 2.5 times that of the background population risk. 33 The counseling should educate families on several key issues including: 1) information on the current understanding of genetics of the disease in the family; 2) risk and risk factors; 3) testing options and opportunities to participate in genetic research; 4) DNA banking for future clinical genetic testing, and 5) the option of autopsy to confirm the diagnosis. Although educating individuals on the facts of genetics is important, the counseling should also focus on the issues of being at risk for a disease, the experience of being a caregiver, and the psychologic burdens of these diseases. 34 
ALZHEIMER DISEASE GENES AND CLINICAL PRACTICE
Clinical genetic testing is available for individuals with AD symptoms or at-risk children or siblings of patients with early-onset disease and a known mutation (Table 1 ). In the United States, PSEN1, PSEN2, and APP are available for symptomatic and presymptomatic testing in a clinical or federally approved laboratory under the Clinical Laboratory Improvement Amendments (www. genetests.org). According to the AD and Frontotemporal Dementia Mutation Database (http://www.molgen. ua.ac.be/ADMutations), 28 mutations have been identified within APP from 76 early-onset families. To date, 165 pathogenic PSEN1 mutations have been identified in 354 early-onset families (http://www.molgen.ua.ac.be/ ADMutations), making PSEN1 mutations the most common known genetic cause of familial EOAD. The Gly206Ala mutation in PSEN1 was found in unrelated Caribbean Hispanic families with early-onset familial AD. This genetic change may be a prevalent cause of familial EOAD in the Caribbean Hispanic population. 35 Unlike PSEN1 mutations, PSEN2 mutations are a rare cause of familial EOAD. With 11 mutations identified from 19 pedigrees, most PSEN2 mutations are thought to be private to mainly Volga-German families, although they have been found in several other populations. (http://www.molgen.ua.ac.be/ADMutations) EOAD accounts for less than 5% of all AD and familial EOAD meeting criteria for autosomal dominant inheritance accounts for about 13% of EOAD. Mutations in APP, PSEN1, and PSEN2 may explain up to 71% of the familial EOAD cases, but other unknown EOAD genes may be identified. 36 As a susceptibility factor rather than causal gene, APOE testing is not currently recommended for asymptomatic individuals with a family history of late-onset disease except through research studies. The American College of Medical Geneticists and the American Society of Human Genetics do not recommend APOE genotyping for presymptomatic identification of AD 37, 38 The rationale for this guideline is the low specificity and predictability of the test. Individuals can carry APOE ⑀4 and never develop the disease during their lifetime. Likewise, individuals without the ⑀4 variant do develop AD. Although APOE genotyping may be readily available in the management of other conditions, currently, APOE genotyping for presymptomatic individuals with a family history of late-onset AD is only available through research studies such as the REVEAL study (Risk Evaluation and Education for Alzheimer disease). Additionally, there is much debate about the clinical utility of APOE testing for diagnosis given APOE genotyping does not provide sufficient sensitivity or specificity to be used alone as a diagnostic test. 39 The presence of an ⑀4 allele should not alter either the diagnostic evaluation or certainty. People with ⑀4 have been found to have other dementing disorders. Lastly, when APOE genotyping is performed, clinicians need to decide whether they will discuss the risk of other diseases having an association with APOE (e.g, cardiovascular disease, macular degeneration etc). 
CLINICAL DECISION MAKING
If the most recent discoveries have not yet made their way into diagnostic or predictive testing, the 4 known genes associated with early and late-onset AD do have clinical application. When considering genetic testing for AD, age-of-onset and family history are the 2 most important factors to consider. AD can be divided into early-onset sporadic and early-onset familial disease occurring prior to 65 years of age, and late-onset sporadic and late-onset familial disease occurring after 65 years of age. A majority of AD cases are associated with a late-onset clinical presentation. The ability to offer genetic testing can be directly related to the age-of-onset of disease in the patient and/or family, and the number of affected individuals in the family. 40 In the United States, for a patient with early-onset AD (onset 65 or younger) and/or a family history of early onset dementia, clinical genetic testing may be considered. If at-risk family members wish testing, confirmatory testing of a symptomatic patient is suggested to interpret the results properly. Thus, if a family mutation is unknown and tissue from an affected person is unavailable, presymptomatic testing should not be offered. Such patients may be told that they are likely to be at 50% risk of inheriting the disease but that without a definitive family mutation, genetic testing would not be able to confirm a true negative test (Fig. 1) .
CLINICAL TESTING FOR LOAD
The more prevalent, late-onset form of AD is associated with a susceptibility gene, the APOE ⑀4 polymorphism. APOE genotyping is available for symptomatic individuals as part of the diagnostic evaluation; however, APOE genotyping has not been found to provide sufficient sensitivity or specificity when used alone as a diagnostic test. Although the presence of the ⑀4 allele in symptomatic individuals does lead to a small improvement in the predictive value of an AD diagnosis, several consensus statements recommend against diagnostic genotyping ( Table 2) . APOE genotyping in symptomatic individuals may not be beneficial primarily because the presence of an ⑀4 allele by itself will not alter the diagnostic evaluation or medical management of the patient and APOE genotyping has implications for other family members. Currently, APOE genotyping for presymptomatic individuals with a family history of late-onset AD is not clinically recommended and is possible only through research studies. However, the REVEAL study, a randomized controlled multicenter study assessing risk assessment and APOE genotyping in asymptomatic individuals to examine the impact of APOE genotyping in the predictive testing situation, has not reported any significant psychologic burden to the information. 41 The American College of Medical Geneticists and the American Society of Human Genetics do not recommend APOE genotyping for presymptomatic identification of AD, 42 but the longitudinal follow-up of individuals participating in the REVEAL study may influence this practice.
Genetic testing, whether diagnostic or predictive, should not be done without extensive genetic counseling. Genetic counselors specializing in adult-onset neurodegenerative diseases or working with neurologists who treat patients with dementia may be best suited to offer this counseling, including the benefits and limitations of testing, the impact on both the patient and family including the possibility of genetic discrimination, psychosocial impact, impact on family, and partner relationships and family planning. When considering diagnostic testing, the physician needs to assess the patient's ability to give informed consent and the surrogate's potential conflict of interest (since that person may be at risk for inheriting the disease). We suggest that predictive testing should be done through a protocol similar to that used in Huntington chorea. 43 The Huntington's protocol recommends several pre-and post-test genetic counseling sessions, baseline neurologic and neuropsychological/psychiatric assessments, and the presence of a support person. The physician can refer patients to a genetic counselor familiar with this protocol. (www.nsgc.org). 
